ABSTRACT The aim of this study was to test the effects of dietary L-arginine (Arg) levels on protein turnover in the small intestine and the expression of genes related to protein synthesis and proteolysis of laying hens. Xinyang Black commercial laying hens (n = 864, aged 217 d) were randomly distributed to 6 treatments with 4 replicates of 36 birds. The dietary treatments were corn-corn gluten meal based diets containing 0.64, 0.86, 1.03, 1.27, 1.42 and 1.66% L-Arg, respectively. Fractional protein synthesis rate (FSR) and fractional protein gain rate (FGR) in the jejunum were the highest in the 1.27% L-Arg group. The mRNA expression of target of rapamycin (TOR), ribosomal protein S6 kinase 1 (S6K1), and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) in the duodenum reached the highest in the 1.27% L-Arg group, while the mRNA expression of 20S proteasome (20S) was the lowest in the 1.27% L-Arg group. The mRNA abundances of TOR and S6K1 in the jejunum were the highest in the 1.27% L-Arg group, while the mRNA expression of 20S was the lowest in the 1.27% L-Arg group, and the protein expression and phosphorylation levels of TOR in the 1.27% L-Arg group were higher than those in the 0.64% L-Arg group. These results indicate that the action of an appropriate level of dietary L-Arg to improve the protein synthesis of the small intestine involves up-regulating the protein expression and phosphorylation level of TOR in the jejunum accompanied by inhibiting the mRNA expression of 20S of laying hens.
INTRODUCTION
Protein metabolism includes both protein synthesis and proteolysis. Mammalian target of rapamycin (mTOR), one of the major amino acid-induced signaling pathways, is involved in protein synthesis (Deng et al., 2014) . It is well known that amino acids can regulate gene expression at both transcriptional and translational level via the mTOR signaling pathway. Mammalian target of rapamycin regulates mRNA translation by phosphorylating its effectors: ribosomal protein S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) (Corradetti and Guan, 2006) . The proteolytic system is involved in the lysosomal, ubiquitin-proteasomedependent, and Ca-dependent systems. The major proteolytic pathway is the ATP dependent ubiquitinproteasome system, which is also ubiquitous throughout the body and degrades ubiquitin conjugated proteins via the 26S proteasome including a proteolytic core known as 20S proteasome (20S) (Lecker et al., 1999) , while the main agent of lysosomal degradation, cathep-C 2017 Poultry Science Association Inc. Received June 27, 2016 . Accepted February 22, 2017 Corresponding author: xtzou@zju.edu.cn sin B (CB), has been well established as contributing to protein breakdown (Hallangeras et al., 1991) . Moreover, research has demonstrated that the ubiquitin proteasome proteolytic pathway is controlled by the expression of muscle atrophy F box (MAFbx) and muscle ring finger-1 (MurF1), 2 important ubiquitin ligases (Bodine et al., 2001) .
Arginine (Arg) is an important substrate for protein metabolism and is also an essential amino acid in birds. It is metabolized by arginases to L-ornithine for polyamine biosynthesis, and by nitric oxide synthases (NOS) to L-citrulline and nitric oxide (NO) (Yuan et al., 2016) . It is well known that the small intestine plays an important role in endogenous synthesis of Arg in most mammals including humans, pigs, and rats (Wakabayashi, 1995) . Previous studies have reported that L-Arg plays an important role in intestinal physiology (Rhoads and Wu, 2009 ), such as cell growth, migration, and proliferation (Rhoads et al., 2004; Rhoads et al., 2008; Tan et al., 2010) . However, avian are uricotelic and cannot synthesize Arg de novo (Wu and Morris, 1998) , leading to different requirements for Arg in birds and mammals, because most mature mammals are able to synthesize L-Arg to meet their requirements; uricotelic species like layers cannot synthesize L-Arg due to an incomplete urea cycle (D'Amato and Humphrey, 2010) . Chickens fed with diets deficient in a specific limiting amino acid has decreased protein accretion (Tesseraud et al., 1999; Hocquette et al., 2007) resulting in growth and immunity problems Wang et al., 2014) . Therefore, we hypothesized that birds have an absolute need for L-Arg and are highly dependent on dietary supplementation for this amino acid. Although the action that L-Arg can stimulate protein synthesis has been demonstrated in some in vitro studies in chicks or pigs (Bauchart-Thevret et al., 2010; Yuan et al., 2015) , it is not clear whether LArg can suppress protein degradation. The aim of this study was to determine the effects of L-Arg on protein metabolism and the expression of genes related to protein synthesis and proteolysis of layers.
MATERIALS AND METHODS
All procedures of the present study were coincided with the Chinese guidelines for animal welfare and were approved by the animal welfare committee of the Animal Science College of Zhejiang University (Hangzhou, China).
Birds and Housing
Eight-hundred-and-sixty-four 217-day-old Xinyang Black commercial layers (Shanghai Poultry Breeding Co., Ltd, Shanghai, China) with similar performance, were randomly allocated to 24 units (each with 12 cages, 3 birds / cage) which were then randomly assigned to 6 dietary L-Arg treatments (4 units / treatment). Hens were kept in 3-layer complete ladder cages and each cage had 45 × 45 × 50 cm floor space and was equipped with 2 nipple drinkers and one feeder, and cages were located in a ventilated room with temperature between 15 to 20
• C, RH between 60 to 70%, and 16 h / d of illumination (10 to 20 lx).
Experimental Diets
Corn gluten meal was used to gain a low L-Arg group (0.65% L-Arg), and L-Arg (98.5% purity, Enovo Biological Technology Co., Ld, Wuxi, China) was added to the basal diet at the expense of corn to obtain experimental diets containing 0.85, 1.05, 1.25, 1.45, and 1.65% L-Arg, respectively. Chemical analysis of the diets for L-Arg values are 0.64, 0.86, 1.03, 1.27, 1.42, and 1.66%,respectively. Moreover, to maintain the isonitrogenous levels in each experimental diet, L-alanine also was supplemented to the experimental diets (Tan et al., 2009; Wang et al., 2013) . All nutrients were kept at the same levels except the L-Arg content of the basal diet. Approximately 200 g of each diet was chosen and stored at -20 • C to analyze the crude protein, calcium, and total phosphorus according to the methods of AOAC (2002) . Contents of L-Arg and other amino acids in the diets were analyzed by ion-exchange chromatography with an amino acid analyzer (Hitachi L-8900 Amino Acid Analyzer, Hitachi, Tokyo, Japan) after being hydrolyzed by 6 mol /L HCl at 110
• C for 24 h accord- ing to the method of Standardization Administration of China (2000) . Ingredient composition and analyzed concentrations of amino acids in experimental diets are presented in Table 1 . Diets in mash form were offered ad libitum and birds had free access to water throughout the entire experimental period. The experiment lasted for 14 wk including a 2-week acclimation period and a 12-week experimental period.
Measurements of Protein Turnover and Calculation
To better calculate the tissue protein fractional growth rate (FGR), 8 layers (2 / replicate) aged 309 and 315 d and near the mean BW of each group were sacrificed after 12 h fasting (water offered ad libitum), and the whole small intestines were collected for analyzing protein mass. The adhesive fat and intestinal contents were removed from duodenum, jejunum and ileum, which were collected to analyze the crude protein.
At the age of 312 d, 4 birds fasted 3 h from each group were selected for measurement of FSR according to the method described by Danicke et al. (2003) and Yuan et al. (2016) . Specific content was as follows: At 15 min before slaughter, birds were injected with a large flooding dose of [
15 N]-labeled phenylalanine solution (150 mM, 98 atom% L-[ 15 N]-phenylalanine, Shanghai Engineering Research Center of Stable Isotope, Shanghai, China) by wing vein at a rate of 0.5 mL per 100 g of body weight. Then the complete duodenum, jejunum, and ileum were dissected and weighed, 3 TOR = target of rapamycin; S6K1 = ribosomal protein S6 kinase; 4E-BP1 = eukaryotic initiation factor 4E binding protein 1; MAFbx = muscle atrophy F box; MuRF1 = muscle ring finger-1.
and then frozen in liquid nitrogen prior to analysis. The exact time from birds being killed to samples being frozen was accounted for. About 2 g of the duodenum, jejunum, and ileum samples from birds aged 309 and 315 d were chosen for analysis of crude protein according to the method of AOAC (2002), respectively. The [ 15 N]-phenylalanine labeled duodenum, jejunum, and ileum samples were prepared as described in detail by Danicke et al. (2003) . The acid-solution fraction containing free amino acids was separated from the protein sediment by 0.2 M perchloric acid, and the [
15 N] enrichment in the duodenum, jejunum, and ileum free phenylalanine was used as the indicator of the enrichment of the protein synthesis precursor pool, and was measured with a gas chromatography mass spectrometer (GC-MS) (6890-GC, Agilent Technologies, Palo Alto, Colorado), while the [ 15 N] enrichment in protein-bound phenylalanine was determined using GC-combustion isotope ratio MS (GC-C-IRMS) (MAT-271, Thermo Scientific Inc., Bremen, Germany). The procedures of GC-MS and GC-C-IRMS were described in detail by Danicke et al. (2001) .
RNA Extraction and cDNA Synthesis
Total RNA was isolated from the duodenum, jejunum, and ileum (about 0.1 g) of laying hens (4 hens aged 315 d from each group) using Trizol reagent (Invitrogen, Carlsbad, CA) following the manufacturer's instruction. The RNA qualities were checked by 1.5% agarose gel electrophoresis and they had a ratio of optical density at 260 nm:optical density at 280 nm between 1.8 and 2.0. Reverse transcription was performed from one μg total RNA by PrimeScript RT regent kit (Takara, Dalian, China) at 37
• C for 15 min according to the protocol of the manufacturer.
Quantification of mRNA by Real-time PCR Analysis
Primer pairs for the genes had been reported by Yuan et al. (2016) ; Nakashima et al. (2005) , and Dupont et al. (2008) , which are listed in Table 2 . The abundance of mRNA was determined on a real-time PCR system (ABI 7500, Applied Biosystems, Foster City, CA). The PCR reaction used the SYBR Premix PCR kit (TaKaRa, Dalian, China) and the program was 95
• C for 10 s, followed by 40 cycles of 95
• C for 10 s, and 60
• C for 31 seconds. There were 4 samples for each group and every sample was performed in duplicate and no template control was included. Specificity of the amplification was verified at the end of the PCR run by melting curve analysis. Average gene expression related to the endogenous (18S RNA) control for all samples was calculated using the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ). The calibrator for every studied gene was the average ΔCt value of the basal diet group.
Western Blot Analysis
Frozen small intestine samples were powdered under liquid nitrogen using a mortar and pestle. Powdered small intestine samples (100 mg) were lysed on ice for 2 min in a lysis buffer, and then the small intestine lysates were centrifuged (12,000 g for 15 min at 4
• C), gaining the supernatant liquor and frozen at −80
• C. Protein concentrations in the supernatant fluid were measured with the BCA protein assay kit (Beyotime Biotechnology, Beijing, China). All samples were adjusted to an equal protein concentration (40 μg of protein), then diluted by 5 × loading buffer (Beyotime Biotechnology, Beijing, China), and heated in boiling water for 5 minutes. Denatured proteins were separated using SDS-polyacrylamide gel electrophoresis (4 to 10% gradient gel) and transferred to nitrocellulose (Bio-Rad, Hercules, CA) 150 min at 300 mA using the Bio-Rad Transblot apparatus (Bio-Rad, Hercules, CA). Membranes were blocked in 5% fatfree milk in Tris-Tweenbuffered saline (TTBS) for one h and then incubated with the following primary antibodies at 4
• C overnight with gentle rocking: TOR (1:1,000 dilution), phosphorylated TOR (p-TOR) (1:1,000 dilution), S6K1 (1:1,000 dilution), phosphorylated S6K1 (p-S6K1) (1:1,000 dilution), and β-actin (1:1,000 dilution) (Abcam Inc., Cambridge, MA). These commercial antibodies directed against mammalian proteins have been previously shown to cross react with chicken homologue proteins (total proteins and phosphorylated forms) to a significant extent (Duchêne et al., 2008; Everaert et al., 2010) . After washing 3 times with TTBS, the membranes were incubated at room temperature for 2 h with secondary antibodies and the membranes were washed with TTBS, followed by development using the ECL-Plus kit (Beyotime Biotechnology, Beijing, China). The images were detected on Fujifilm LAS-3000 (Tokyo, Japan). Protein abundances were normalized to β-actin for all samples and all data were expressed as the relative values to 0.64% L-Arg group.
Calculation and Statistical Analysis
The fractional protein breakdown rate (FBR), FGR, and fractional protein synthesis rate (FSR) were calculated following the method of Danicke et al. (2003) and Tesseraud et al. (2001) . Briefly, FSR = 100 × APE b / APE f × t, where APE b , APE f and t represent the [ 15 N] atom% excess of phenylalanine in the duodenum, jejunum, and ileum protein, the [ 15 N] atom % excess of free phenylalanine in the duodenum, jejunum, and ileum, and the duration of labeling time (expressed in d), respectively. FGR = the deposit rate of the duodenum, jejunum, and ileum protein / the average weight of the small intestine protein, where the deposit rate of the small intestine protein = (duodenum, jejunum, and ileum weight at 315 d × the duodenum, jejunum, and ileum CP -duodenum, jejunum, and ileum weight at 309 d × the duodenum, jejunum, and ileum CP)/6, respectively. The average weight of the duodenum, jejunum, and ileum protein = (duodenum, jejunum, and ileum weight at 315 d × duodenum, jejunum, and ileum CP + duodenum, jejunum, and ileum weight at 309 d × duodenum, jejunum, and ileum CP)/2, respectively. Due to the determination of tissue protein secretion, arteriovenous catheterization is needed, and the operation is very complex; when calculating the FBR, the secretion of tissue protein is not considered. FBR = FSR -FGR.
Results were analyzed by one-way analysis of variance (ANOVA) using SPSS for Windows, version 18.0 (SPSS Inc., Chicago, IL). Differences among every treatment were separated by the Tukey test for multiple comparisons, and probability value of less than 0.05 was considered significant.
RESULTS

Small Intestine Protein Metabolism Response to Dietary Level of L-srg
As shown in Table 3 , there were no significant differences in protein deposition, FSR, FGR, or FBR in the duodenum and ileum. However, the fractional protein synthesis rate in the jejunum had the highest levels in the 1.27% L-Arg group, which increased (P < 0.05) by 22.13%, as compared with the 0.64% L-Arg group, whereas protein deposition and FBR did not differ significantly in response to dietary level of L-Arg.
Genes Expression of TOR Signaling Pathway in the Small Intestine
The mRNA abundances of TOR, S6K1, and 4E-BP1 in the duodenum, jejunum, and ileum are shown in Figure 1 . The mRNA abundances of TOR in the Figure 1 . Effect of dietary L-arginine levels on the expression genes related to TOR signaling pathway in small intestine. n = 4. A. Relative mRNA abundances of target of rapamycin (TOR), ribosomal protein S6 kinase 1(S6K1), and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) in duodenum. B. Relative mRNA abundances TOR, S6K1, and 4E-BP1 in jejunum. C. Relative mRNA abundances of TOR, S6K1, and 4E-BP1 in ileum. Changes in mRNA abundances of TOR, 4E-BP1, and S6K1 are normalized to 18S rRNA and expressed relative to the 0.64% L-arginine group. Data are means ± SE, n = 4. Means with different letters (superscripts a, b) differ (P < 0.05).
duodenum and jejunum in the 1.27% L-Arg group were the highest, which were 2.03-fold (P < 0.05) and 2.70-fold (P < 0.05), higher, respectively, than that in the 0.64% L-Arg group. However, there were no changes in the mRNA abundances of TOR in the ileum in response to dietary level of L-Arg from 0.64 to 1.66%.
The mRNA abundances of S6K1 in the duodenum and jejunum in the 1.27% L-Arg group were the highest, which were 2.58-fold (P < 0.05) and 1.36-fold higher (P < 0.05) higher, respectively, than those in the 0.64% L-Arg group. However, there were no changes in the mRNA abundances of S6K1 in the ileum in response to dietary level of L-Arg from 0.64 to 1.66%.
The mRNA abundances of 4E-BP1 in the duodenum in the 1.27% L-Arg group were the highest, which were 2.45-fold (P < 0.05) higher than that in the 0.64% L-Arg group. However, there were no changes in the mRNA abundances of 4E-BP1 in the 
Expression of Genes Related to Proteolysis in the Small Intestine
The expression of proteolytic-related genes in the duodenum, jejunum, and ileum of laying hens is shown in Figure 2 . The mRNA abundances of MuRF1, MAFbx in the duodenum, jejunum, and ileum, and the mRNA abundances of CB in the duodenum and jejunum were not affected by dietary treatments. The mRNA abundance of CB was minimized at 1.27% L-Arg group, which was 1.72-fold lower (P < 0.05) than that in the 0.64% L-Arg group. The relative expression of 20S proteasome (20S) in the duodenum and jejunum had significantly lower mRNA levels in the 1.27% L-Arg group, which was 2.22-fold and 4.55-fold lower (P < 0.05), respectively, than that in the 0.64% L-Arg group. However, there were no changes in the relative expression of 20S in the ileum in response to dietary level of L-Arg from 0.64 to 1.66%. 
Protein Abundances of Total and Phosphorylated TOR or S6K1 in Small Intestine
The relative protein abundances of total and phosphorylated TOR and S6K1 in the duodenum, jejunum, and ileum of laying hens are shown in Figure 3 . The relative protein abundances of total and phosphorylated TOR in the duodenum and ileum were not affected by dietary treatments. However, the relative protein abundance of total and phosphorylated TOR in the 1.27% L-Arg group was the highest, which was 1.67-fold (P < 0.05) and 1.58-fold higher (P < 0.05), respectively, than those in the 0.64% L-Arg group.
The relative protein abundances of total and phosphorylated S6K1 in the duodenum and jejunum were not affected by dietary treatments. The relative protein abundance of phosphorylated S6K1 in the ileum was not affected by dietary treatments. However, the relative protein abundance of total S6K1 was maximized at 1.27% L-Arg group, which was 1.32-fold higher (P < 0.05) than that in the control group.
DISCUSSION
In this study, we use a stable isotope labeling method to measure fractional rates of protein synthesis and breakdown in the small intestines of layers. This method assumes that every kind of essential amino acids (EAA) is sensitive to the first limiting amino acid in feed; when a kind of EAA restricts protein synthesis, the excessive amino acids would be oxidative. As the content of limiting amino acid increases in the diet, the other amino acids are mainly used in the synthesis of protein rather than oxidation; however, when the restrictive amino acid meets the physiological requirement of the animal, even if the levels of restrictive amino acid increased, the oxidation of other amino acids would not decline (Riazi et al., 2003) . Wilson et al. (2000) found that the rate of phenylalanine oxidation decreased with increasing threonine intake to a point that was close to the requirement, after which it would remain relatively stable. One objective of this study was to estimate indirectly the protein turnover in the small intestine of layers by using [
15 N]-phenylalanine as the indicator amino acid. We found that the protein turnover of the duodenum and ileum did not differ significantly in response to the increasing dietary level of L-Arg, while FSR of the jejunum presented an increase initially and then decreased with the increase of dietary L-Arg supplemental levels, and the 1.27% LArg group had the highest FSR in the jejunum. The result suggests that under our experimental condition, the appropriate level of dietary L-Arg was 1.27%, which might be mainly contributed to protein synthesis, while when the dietary levels of L-Arg exceeded this level, it resulted in an amino acid oxidation increase (Wilson et al., 2000; Riazi et al., 2003) , and then decreased the rate of protein synthesis.
Amino acids were absorbed at the aid of the intestine amino acid transport carrier in the alimentary tract, and finally transported into the circulation of the blood to body tissues. Wu (1998) reported that dietary amino acids are major fuels for small intestinal mucosa and are responsible for offering energy in the intestinal metabolic process. The present study found that the proper level of dietary L-Arg (1.27% L-Arg) would improve the FSR in the jejunum of laying hens, suggesting that L-Arg served as a substrate of protein synthesis and a regulator to improve the synthesis of proteins, only when amino acids meet the requirement of energy supplied for the intestine. From the previous work in our lab (Yuan et al., 2015) , we found that increasing extracellular concentrations of L-Arg from a 10 to 400 μM dose dependently increased the expression of CAT-1, a member of cationic amino acid transport (CAT) system, and then increased the CAT-1-mediated L-Arg uptake and the intracellular metabolism of LArg. The expression of amino acid transporters altered chick small intestine response to extracellular concentrations of L-Arg, suggesting that the ability of the small intestine to absorb dietary L-Arg is related to the concentrations of L-Arg and the expression of CAT-1. Thus, the current results combined with the previous work in our lab suggests that the absorption and utilization rate of dietary L-Arg in the jejunum is higher than that in the duodenum and ileum of laying hens.
MuRF1 and MAFbx, 2 important genes encoding E3-ubiquitin ligases, are involved in the ubiquitination of proteins targeted to the ubiquitin-proteasomedependent proteolytic system, which is ubiquitous throughout the body (Bodine et al., 2001 ). Some studies reported that the TOR signaling pathway was shown to contribute to the regulation of MAFbx (Herningtyas et al., 2008) , while in current studies, we did not find significant differences in MuRF1 and MAFbx gene expression in the small intestine of layers. It is reported that ubiquitin ligases are specifically expressed in skeletal muscle and heart but not in the small intestine, liver, kidney, brain, and spleen, among others. (Bodine et al., 2001; Gomes et al., 2001; Yuan et al., 2016) . In our study, we also found that dietary supplementation of L-Arg could down-regulate the mRNA expression of 20S and CB. Similar findings were reported in pectoralis major muscles when broilers received a low lysine level diet (Tesseraud et al., 2009) .
Previous studies found that L-Arg improved net protein synthesis in mammalian skeletal muscle (Tan et al., 2009 ). This effect of L-Arg was attributed to the function of the mTOR signaling pathway, a master regulator of both protein synthesis and autophage-mediated proteolysis (Phang et al., 2008 ). In the current study, we found that the mRNA abundances of TOR, S6K1, and 4E-BP1 in the duodenum and the mRNA abundances of TOR and S6K1 in the jejunum presented an increase initially and then decreased with the increase of dietary L-Arg supplemental levels, and the mRNA abundances of TOR, S6K1, and 4E-BP1 in the 1.27% L-Arg group were the highest, which was consistent with our data on the effects of the dietary level of L-Arg on the FSR of the jejunum. This indicates that L-Arg activated the TOR signaling pathway, while the information on whether it is accompanied by suppression of the expression of related genes or protein degradation still remains unavailable in avians. However, the protein expression and phosphorylation levels of TOR and S6K1 in the duodenum are not changed; the mRNA abundances of TOR in the jejunum, and protein expression and phosphorylation levels of TOR all presented an increase initially and then decreased with the increase of dietary L-Arg supplemental levels, and the 1.27% L-Arg group had the highest levels; there were no changes in the mRNA abundances of S6K1 in the ileum with the dietary level of L-Arg increasing, while the protein abundances of S6K1 presented an increase initially and then decreased with the increase of dietary L-Arg supplemental levels, and the 1.27% L-Arg group had the highest levels. This indicates that the protein abundances of S6K1 may not be completely regulated by gene expression at the transcriptional level via the mTOR signaling pathway; the specific regulatory mechanism should be a concern in further research.
In conclusion, dietary L-Arg level increased the FSR in the jejunum of laying hens, and the action of an appropriate level of dietary L-Arg is involved in up-regulating the mRNA expression of TOR, protein abundances of TOR, and phosphorylation levels of TOR, accompanied by inhibiting the mRNA abundances of 20S when up-regulating protein synthesis in the jejunum.
